Abstract-An electronically adaptive coupling technique is presented for a microwave microstrip resonator to improve the efficiency of liquid heating in a microfluidic system. The concept is based on feeding the resonator with two synchronized inputs that have a variable phase shift between them. A Wilkinson power divider and phase shifter were designed and fabricated for this purpose. Both simulation and measurement (using chloroform as an exemplar liquid) demonstrated that the adaptive coupling can be used to optimize the heating efficiency of the liquid.
I. INTRODUCTION

M
ICROWAVE heating techniques have been adopted and developed for many industrial, domestic, and medical applications. The many advantages of microwave heating can be summarized as: 1) high selectivity to absorbing components; 2) high efficiency of conversion of electromagnetic energy to heat when using microwave absorbing materials; 3) noncontacting energy delivery; and 4) volumetric heating. These advantages can be combined to offer potentially faster heating rates than for any other method [1] . Precision microfluidic heating control is required in many applications, such as for polymerase chain reactions (PCRs) [2] , analysis of complex biological sample solutions [3] , denaturizing dynamics of fluorescent proteins at the millisecond time scale [4] , and the spatially localized heating of microchannel environments [5] .
Much research has been undertaken to improve the heating performance when using microwave resonators as the applicator device in both large-and small-scale fluidic heating systems. In liter-sized liquid heating, for instance, improved electromagnetic heating of a load was demonstrated by increasing the isolation (or decoupling) factor between two electromagnetic feed elements [6] . In another study, very small magnetic particles were used to improve the microwave heating of biological samples [7] .
A growing number of studies have focused on microfluidic heating systems, which is the subject of the work reported here. The performance of a planar microwave transmission line, integrated with a microfluidic channel to heat fluids with relevant buffer salt concentrations, was characterized and modeled over a wide range of frequencies [8] . An integrated microwave microfluidic heater that locally (and rapidly) increased the temperature of water drops in oil was demonstrated in [9] . A microwave heating system presented in [10] had a response time that was orders of magnitude faster than that of current commercial systems. In [11] , an on-chip microwave generation of spatial temperature gradients was described within a polymeric microfluidic device that was coupled to an integrated microstrip transmission line. Moreover, a 2.45-GHz microwave cavity resonator was presented in [1] with the novel dual function of both sensitive dielectric characterization and directed volumetric heating of fluids in a microfluidic chip. Finally, a cost-effective scalable microwave system was demonstrated in [12] that can be integrated with microfluidic devices, thus enabling remote simultaneous sensing and heating of individual nanoliter-sized droplets generated in microchannels.
Normally, in a heating application the microwave input circuit is critically coupled to the resonant applicator device, resulting in maximum power transfer from source to applicator. The input impedance of the applicator can be written , where is the (dimensionless) coupling coefficient and is the system impedance (usually 50 , as is the case here). In practice depends on the geometrical details of the coupling structure, the unloaded factor of the resonator, and the resonant frequency . Critical coupling corresponds to the condition , which is achieved for arbitrary values of and by mechanical adjustment of the coupling structure. There are major challenges in heating materials in this way imposed by the temperature dependence of the properties of the materials themselves, which causes the and (more seriously for a high-resonator) to drift. For example, for the heating of aqueous samples, this is a result of the strong temperature dependence of the complex microwave permittivity of water. In summary, to maintain maximum efficiency during the heating process, we should be able to control: 1) excitation frequency and 2) coupling strength of the heating system simultaneously for continuous critical coupling condition. The excitation frequency can be easily controlled by signal source control while monitoring the response of the resonator. However, controlling coupling strength on a printed circuit board is not an easy task.
In this paper, a novel adaptive coupling topology is proposed that offers the ability to electronically adjust the coupling between the source and the heating resonator. The system conThis work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ Fig. 1 . Block diagram of a two-port resonator fed by two synchronized sources of the same frequency (equal to the resonant frequency) and with a phase shift of . is the magnitude of the incident wave to the both ports of the resonator and and are the reflected waves from the resonator. Table I. sists of the resonator and two synchronized power sources with a variable phase shift between them, as shown in Fig. 1 . A double split-ring resonator (DSRR) [13] was adopted as the host resonator and is connected to the two outputs of a variable phase-shift source. The adaptive coupling method was verified by heating chloroform as a test liquid within a quartz microcapillary. The remainder of this paper is organized as follows. In Section II, the theories and concepts of microwave liquid heating, adaptive coupling resonator, design of two variable-phase sources, use of COMSOL Multiphysics, and temperature and complex permittivity measurements are described. In Section III, the design and realization of the microstrip resonator with two sources are described and analyzed. In Section IV, the simulated and experimental results are presented and discussed. In Section V, conclusions are drawn.
II. THEORY AND CONCEPTS
A. Microwave Heating of Polar Liquids in Capillaries
When placed in an oscillating electric field, the molecules of a polar liquid rotate owing to the torque generated by the field. This rotation, which continually changes its sense, results in dielectric heating due to friction. For common solvents, the heating is often most intense in the microwave frequency range. The relative permittivity of the liquid can be written as a complex number with real and imaginary parts well described by the Debye theory. The complex permittivity of our test liquid chloroform is plotted in Fig. 2 based on its Debye parameters listed in Table I . From Fig. 2 , the maximum loss occurs at 20 GHz, where . The dissipated power density within the liquid is given by [14] (1) Fig. 3 . Definition of the symbols used to define the dimensions of the DSRR structure, also including the coupling ports.
where is the electric field amplitude within the liquid and is the excitation frequency. The DSRR used in this heating study is shown diagrammatically in Fig. 3 , similar to that described in [13] for microwave sensing, but with modifications for this heating application. The two portions of liquid within the two gap regions will be heated.
In our DSRR, the electric field is perpendicular to the axis of the liquid sample (assumed cylindrical since it is held within a cylindrical capillary), which means that is reduced greatly compared to the amplitude of the applied field owing to the effects of depolarization. This is dealt with in detail in [15] , but to a good approximation is found to be (2) where and are the relative permittivity of the capillary (tube) and the liquid, respectively, while and are the inner and outer radii of the capillary, respectively, as shown in Fig. 4 . It is clear from (1) and (2) that the heat efficiency is inversely proportional to the real part of the liquid and directly proportional to the imaginary part of the liquid's relative permittivity.
B. Adaptive Coupling Method
The aim of our adaptive coupling method is to decrease or increase the coupling between the resonator and the input ports electronically. This provides the ability to control the power delivery to the resonator, and consequently, the ability to the control heating without changing the source power.
On varying the phase shift between the two, equal-power inputs at ports 1 and 2 (as in the schematic of Fig. 1 ), the total delivered power to the resonator changes. To verify this concept of adaptive resonator coupling, a simulation of the DSRR shown schematically in Fig. 3 (with dimensions shown in Table II ) was performed using COMSOL Multiphysics for the microwave heating of chloroform. If an input power of is applied to one of the input ports of the resonator, the dissipated power in the liquid is calculated to be at the resonant frequency (2.861 GHz), while the rest of the power is dissipated in the rest of the DSRR structure (mostly the copper parts) and also lost by radiation.
If the power is halved to two parts ( ) and fed into the two inputs simultaneously with variable phase shift between them, then the delivered dissipated power in the liquid can be controlled by varying the phase. It is clear from Fig. 5 that if the phase shift between two inputs is 0, the dissipated power in chloroform will be zero, and can be increased to up to when the phase shift is 180 at the resonant frequency (2.861 GHz). This is double the value of dissipated power compared with the case when the same value of power is applied to one port only. For 90 phase difference, the same power is dissipated in the liquid as when the power is applied to one port only. To explain why maximum power dissipation happens when the two sources are 180 out of phase, the source that feeds port two with variable phase is used as variable load impedance. If we assume the two port S-parameters of the resonator as , , , and , as shown in Fig. 1 , the reflection coefficient of the load can be given as
It can be seen from (3) that the value of can be controlled by varying the value of the phase shift . Therefore the source of port 2 is utilized to change the load impedance of the resonator to the optimum value in order to increase the matching between the sources and the two inputs of the resonator.
The load impedance, which was obtained from the simulation with the different phase shift between two sources (from 0 to 360 ) at the resonant frequency 2.861 GHz were plotted in the Smith chart, as shown in Fig. 6 . From Fig. 6 , it can be seen that the optimum matching occurs at where the maximum power is delivered to the resonator.
The experimental realization of a variable phase-shift twoinput resonator can be achieved by using a Wilkinson power divider (to split the power into two equal parts) and a quadrature phase-shifter connected to varactors [16] . The varactor capacitance is varied with an applied dc bias voltage, which changes the phase by imbalancing the otherwise equal electric lengths of the microstrip sections [17] . The block diagram illustrating this type of adaptive coupling is shown in Fig. 7 .
C. Use of COMSOL Multiphysics
COMSOL Multiphysics 4.4 was used to perform 3-D simulations of the electromagnetics, electromagnetics with lumped elements, and coupled electromagnetic-thermal effects. The electromagnetic waves model was used to simulate the S-parameters, dissipated power in the liquid (chloroform), and the input/ output impedances of the resonator. The wave equation in the frequency domain was computed in the electromagnetic waves model described in the software as (4) is the permeability, is the permittivity, and is the electric conductivity of the material; is the permittivity of the vacuum, is the wavenumber in free space, and is the wave angular frequency. The impedance boundary condition is used for the copper surfaces of the resonator and ground in order to consider the copper losses. The scattering boundary condition was utilized for the faces of the volume 80 125 80 mm (enclosing the device) to make the boundaries transparent for the scattered waves. Coaxial ports were used to feed the electromagnetic energy to the resonator and lumped elements were used to set the variable reactor of the varactors. The microwave heating model was used to obtain the heat distribution in the liquid as defined in the software (5) where is the density of the material, is the heat capacity at constant pressure, and is the thermal conductivity of the material. is the spatial displacement vector, is the temperature, and is the heat source. For Joule heating, this is driven by the electric current and is added in the electromagnetic heat source node.
The relative permittivity of chloroform was described in the simulation by using Debye theory as its permittivity is variable with frequency. The properties of the materials that are used in the simulation are shown in Table I .
In Table I , and are the values of permittivity in the static ( ) and VHF ( ) limits, respectively, is the relaxation time, and is the ratio of specific heats. A maximum mesh size for the simulations was set to be 3 mm, while the minimum mesh size is 0.24 mm, which produced 211 166 mesh elements. 
D. Temperature and Complex Permittivity Measurements
There are several methods to measure the temperature of liquid in the microfluidic systems, such as the microscopy fluorescence thermometry technique [19] . Our approach is based on the fact that the complex permittivity varies with temperature as well as frequency. Complex permittivity can be defined as in [20] - [22] (6) where (7) and (8) then the value of the complex permittivity can be linked with the temperature. In polar liquids such as chloroform, the and values both decrease with temperature. In our design, the resonant frequency and quality factor depend on the liquid sample, modeled by first-order cavity perturbation concepts [23] . Therefore, the change in temperature causes a shift in resonant frequency and change in quality factor (or, equivalently, 3-dB bandwidth), as shown in Fig. 8 , due to the change in liquid complex permittivity, which can then be used to obtain the liquid's average temperature.
We measured the complex permittivity of chloroform with temperature at a frequency of 2.861 GHz, as described in Section IV. When the liquid is heated by the resonator, the resonant frequency increases from to , and in addition the bandwidth decreases from to , as illustrated in Fig. 8 . From these shifts in resonant frequency and bandwidth, the corresponding change in the complex permittivity can be determined. A routine involving simulation has been applied to find the exact value of the complex permittivity for the new value of the resonant frequency and bandwidth ( , ) . A new value of complex permittivity found from the simulation is compared with the measured values of complex permittivity in order to deduce the temperature.
III. DESIGN AND REALIZATION
The DSRR described in [13] was adopted and modified for this study. The input/output coupling was strengthened by re- ducing the gap between it and the DSRR, to increase the delivered power to the liquid.
The design of the resonator was aided by COMSOL Multiphysics simulations. A photograph of the fabricated DSRR is shown in Fig. 9 , designed to heat chloroform within a quartz capillary at 2.861 GHz. The design procedures of the Wilkinson power divider and the quadrature phase shifter were taken from [23] , also to operate at the center frequency of 2.861 GHz (the resonant frequency of the DSRR). The circuits were fabricated by the mechanical milling of a Rogers Corporation RT/Duroid 5880 laminate, with a dielectric of a thickness of 1.57 mm, relative permittivity of , and loss tangent of 0.0009. The thickness of the copper was chosen as 70 m to ensure the highest possible quality factor for the DSRR. The dimensions of Wilkinson power divider and quadrature phase shifter were calculated by a line calculation tool in Advanced Design System 2014 (Keysight Technology). However, due to discontinuities, junction effects, or unequal even-and odd-mode velocities, the performances of the Wilkinson power divider and quadrature phase shifter became degraded in the simulation [24] , [25] . Slight modifications of their lengths , and widths , were made to improve their simulated performances. Table II shows the dimensions of all designed components.
The simulated S-parameters of the Wilkinson power divider illustrated in Fig. 10 are shown in Fig. 11 , where good input impedance-matching characteristics are observed and the coupled power at each output port is about 3.2 dB around 2.861 GHz, with a phase delay of 90 . The dimensions of the Wilkinson power divider are illustrated in Table II . The form of the quadrature (90 ) hybrid coupler is shown schematically in Fig. 12 , which is tuned to operate at 2.861 GHz. The simulated S-parameters of the quadrature hybrid coupler are shown in Fig. 13 (using COMSOL Multiphysics) . The S-parameters of the branch line coupler show good input matching and isolation around 2.861 GHz, where the coupled signal at the two output ports ( and ) is at about 3.2 dB at 2.861 GHz. Fig. 13(b) shows the phase shift (in degrees) between the outputs (ports 2-4) and the input port 1. The phase shift between ports 2 and 3 is about 90 at 2.861 GHz, where in the ideal phase shift is equal to 90 .
A phase shifter can be achieved by incorporating the quadrature hybrid coupler with variable capacitors or inductors to obtain a variable phase shifter. Variable capacitors or inductors were connected to ports 2 and 3 of the quadrature hybrid coupler, which act as short circuits to reflect the incident energy back towards port 4 with phase shift depending on the their values. A variable capacitor can be realized by a varactor diode in which the variable phase can be controlled electronically, as shown in the full circuit topology illustrated in Fig. 14 , which also shows a photograph of the final circuit. As the active volume of liquid in our system is tiny, only 0.64 L in both gaps, the dissipated power required to heat chloroform is less than 1 W, which produces a heating rate around 60 C/s. A varactor diode 1T362A (Sony Corporation) was chosen, which can handle this small amount of power. In reverse bias, a varactor diode yields a capacitance range of approximately 2.3-100 pF over 25-0 V at 900 MHz, respectively [26] . However, at 2.861 GHz, the variable reactor of the diode has an inductive effect as the frequency of operation is higher than the self-resonant frequency, which makes the package inductance of the diode dominant. The measured reactance of the diode in reverse bias at 2.861 GHz is shown in Fig. 15 . In the design it was required to set the phase-shift range with the range of the variable inductor. An 180 phase shift between ports 2 and 3 was achieved by setting the diode's effective inductance to a value of 0.7 nH. This setting is realized by carefully choosing to be 28 mm, which gives a phase shift of 132 at 2.861 GHz. Together with the quadrature (90 ) hybrid coupler and the two parallel diode inductors, the phase shift between ports 2 and 3 at 2.861 GHz will then be 180 .
The groove for the quartz capillary was fabricated using laser micromachining with a width of (i.e., 0.46 mm) and depth of 0.235 mm. Microwave connection to the input port (port 1 at the top of Fig. 14) was made via the dielectric layer and the ground of the microstrip board using a surface-mounted coaxial (SMA) connector. The quartz capillary has an inner diameter of 0.3 mm and outer diameter of 0.4 mm.
The capillary was inserted in the groove and filled by liquid using capillary action [13] . Chloroform was selected as the test liquid, as it is a high-loss polar liquid with a low boiling point (61.5 C), which does not demand a high-power microwave source to heat it. Separate resonant cavity measurements of chloroform were used to determine its complex permittivity of (with an error of about 2% in both real and imaginary parts) at 25 C at 2.861 GHz. This value was used in the COMSOL simulations for the design of the DSRR. The resulting DSRR with a chloroform sample was measured to have a resonant frequency of 2.861 GHz and an unloaded quality factor of 150. To deliver the power to the adaptive coupling resonator circuit, a power amplifier ZHL-42 (manufactured by Mini-Circuits) was used to amplify the signal from an Agilent E5071B network analyzer. The power amplifier gain is 29.6 dB and the range of delivered power from the network analyzer is from 10 to 0 dBm. The resulting input power to the circuit is from 20 to 30 dBm, which covers the power range required to boil the chloroform sample. A circulator was used to protect the power amplifier from the reflected power. Fig. 16 shows the bench-top assembly of the adaptive coupling resonator with the power amplifier and the network analyzer.
IV. RESULTS AND DISCUSSION
To verify the ability of the resonator with adaptive coupling to increase the heating efficiency, as well as controlling strength of the coupling, tests were undertaken, firstly by feeding only one input port of the resonator, which incorporated a chloroform filled capillary. This was heated to boiling at different values of input power.
Due to the difficulty of measuring the liquid temperature inside the resonator-integrated capillary, the shift in the resonant frequency was used to measure the temperature of chloroform, as the permittivity of a polar liquid is a strong function of temperature [27] . The complex permittivity of heated chloroform can be calculated by applying an optimization routine based on matching the simulated and experimental results (see Section II-D). The temperature can then be determined from the new value of liquid permittivity.
As previously mentioned, a separate microwave cavity was used to measure the complex permittivity of chloroform using standard cavity perturbation analysis [23] and [28] . This can be done over a variable temperature range by placing the cavity in an oven (Memmert, Model: IPP 400) with a high degree of temperature control ( 0.1 C).
The complex permittivity of chloroform was measured over the temperature range of 25.0 C-61.5 C (i.e., to boiling) at the two resonant frequencies of the and modes of the cylindrical cavity (at 2.5 and 5.7 GHz, respectively). Results at 2.861 GHz were found by linearly interpolating the complex permittivity between 2.5 and 5.7 GHz. These are plotted as a function of temperature in Fig. 17 . By knowing the complex permittivity of chloroform as a function of temperature, the temperature of the chloroform can be inferred with a high degree of accuracy from measuring the resonant frequency of the DSRR (or indeed any type of resonant applicator used to heat it).
As shown in Fig. 18 , the resonant frequency is 2.8610 GHz when 1 mW of power was applied to only one input port of the DSRR. This means that there was negligible heating of the chloroform at such low powers and the chloroform temperature remained at 25 C (room temperature). By increasing the input power to 180 mW, boiling occurred when the resonant frequency increased to 2.8631 GHz, which accurately predicts the boiling point of chloroform of 61.5 C (where the real permittivity is 4.10).
In the second part of the experiments, the DSRR was fed with two input signals of variable phase difference with the circuits shown in Figs. 14 and 16 . The phase shift between ports 2 and 3 shown in Fig. 14 was measured with variable bias voltages applied to the varactor diode, as shown in Fig. 19 . Here the DSRR was removed and the output was terminated with a 50-load. At the resonant frequency of the DSRR (2.861 GHz) with the chloroform at 25 C, the circuit provides a range of phase shifts from 128 at 0 V to 190 at 25 V.
This covers the condition for maximum power transfer into the DSRR that occurs at 180 according to the simulation shown in Fig. 5 . To determine the performance of the adaptive coupling resonator shown in Fig. 14 for optimum heating efficiency, microwave power was fed to the input port of the circuit shown in Fig. 16 . At each input power, the bias voltage was adjusted to give the maximum coupling, i.e., maximum power transfer, corresponding to a phase difference of 180 , as shown in Fig. 20 . The input power required for boiling (where the DSRR's resonant frequency was shifted to 2.6831 GHz due to the change in permittivity), was 45 mW at each port (port 2 or 3) of the DSRR, or 90 mW when fed at both ports. After heating the chloroform to 61.5 C, the return loss decreased by 4 dB due to a combination of the increase in resonant frequency and increased value of quality factor.
The coupling can be readjusted to return to the same value of return loss (49 dB) attained before heating. Moreover, as shown in Fig. 20 , the three dotted lines and maximum coupling line correspond to the magnitudes of with different values of diode dc voltage and 0-dBm input power. This means that the coupling changes with the value of the dc-bias voltage, demonstrating the ability to control the coupling electronically. A summary of the adaptive coupling circuit performance is illustrated in Table III . As shown in Fig. 20 , there is a change in resonant frequency due to the coupling variation. The resonant frequency changes are approximately 2.0 0.1 MHz, which is well within the bandwidth of the power amplifier. Finally, a simulation of the heat distribution along the chloroform sample was undertaken using COMSOL Multiphysics to illustrate the distribution of the temperature along the gap area, as shown in Fig. 21 . This simulation is when the DSRR is fed with 180 mW at one port, or 45 mW at two ports, with a phase shift of 180 between them (total input power is 90 mW). In both cases, the chloroform was heated to boiling along the center region (61.5 C).
V. CONCLUSION
A novel adaptive coupling method that provides the ability to change (and, in principle, control) the coupling of a microwave resonator electronically has been presented in this paper. This approach can be exploited in microfluidic heating applications, where the heating rate can be optimized without changing the source power. The power gain, or the extent of heating, can be increased to double the power value of that used to feed a one-port resonator. For example, with chloroform, the total power (applied to both ports) required to reach the boiling temperature was half the value needed in the one-port configuration. The verification of this new concept was achieved by simulation and experiment, including the dissipated power, the heat distribution of the liquid, S-parameter measurements, and the associated shifts in resonant frequency. The proposed topology is used for proof-of-principle, and as a future work, miniaturization will be achieved by using commercially available power dividers and quadrature hybrid couplers.
funded by the Wellcome Trust. He has authored or coauthored over 50 papers in peer-reviewed journals and conference proceedings. His research interests include microwave circuits, especially high efficiency power amplifiers and linearizers, and their application to material characterization and biomedical engineering.
Dr. Choi has served as a reviewer for IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, the IEEE TRANSACTIONS ON 
